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AIIS’I’RAC’I’

Transient temperature distributions were calculated for a lossy dielectric cylinder coaxial] y
aligned in a cylindrical microwave cavity excited in a single mode. Results were obtained for
sample sizes that range from fibers to large cylirlders.  Realistic values for temperature dependent
complex dielectric constants and thermophysical  properties of the samples were used. Losses in
cavity walls were taken into account as were realistic thermal emissivities  at all surfaces. For a fine
mesh of points in time, normal mode properties and microwave power absorption profiles were
evaluated using an(tiytic  expressions. Those expressions correspond to exact solutions of
Maxwell’s equations within the framework of a cylindrical shell model. heating produced by the
microwave absorption was included in self-consistent numerical solutions of thermal equations. In
this model, both direct microwave heating and radiant heating of the sample (hybrid heating) were
also studied by including a lossy dielectric tllbe. surrounding, the sample. implications of the
calculated results for materials processing will be discussed.

INTRODUCTION

Time dependent temperature behavior of a cylinder heated by microwaves was calculated with
the aid of a realistic model of a single mode cylindrical cavity for problems of interest in materials
processing, The model has been described in previous articles [ 1,2] where it was applied to
calculate the microwave absorption and steady state temperature profiles [2] for a cylindrical
sample. ~“his  new treatment extends those cylindrical sample studies along with other earlier work
concerned with spherical samples in single mode cavit ies [3 - 5].

In this work, as well as our earlier studies, electromagnetic properties of a cavity partly filled
with a sample are treated analytically using a shell model. ‘l’he results provide formulas for
evaluating microwave power absorption per unit volume, That absorption is inclucled  as a heat
source in thermal equations that are solved using a combination of analytic and finite difference
methods while taking into account the temperature de.pcndence of ther-mophysical properties of the
sample [6]. so far our models have not included heat of chemical reactions and changes of
material properties as the sample is processed and undergoes dcnsification,  changes in chemical
composition, or changes in phase. IIoweve.r, we plan to include some of those effects in
advanced models in the future.

The present treatment of a cylindrical shell nmdel of a microwave processing reactor has
several noteworthy features. First, Maxwell’s equations are solved exactly and the electrical
conductivity of cavity walls is taken into account accurately. Second, realistic values of thermal
emissivit  y are taken into account at solid boundaries inside the cavity and at the cavity walls.
I’bird, the model can take into account direct mic!owave heating of the sample and hybrid heating,
which additionally involves radiant heating of the sample by a microwave-heated tube that
surrounds it.

A variety of applications can benefit from calcuhued  time-dependent temperature profiles. Two
important examples are the prediction and control of preheating and processing conditions, and
design and optimization of new reactors. in this article, the usefulness of the calculated results will
be illustrated  first by focusing on parametric StudiCS that search for evidence of thermal runaway
during materials processing. A second illustration is concerned with investigation of the relative
merits of processing fibers and large samples usin~ microwave heating alone or hybrid heating.
~’he theory is described next. Then calculated results are presented and discussed. Our
conclusions are presented in the fhal section.



TIIEORY

The theory is based on a shell model
represented in Fig. 1. “Ile sample is a lossy
dielectric rod aligned along the axis of the
cavity. A lossy dielectric tube surrounding the
rod is included when hybrid heating of the
sample is studied, Otherwise the tube is absent
and the rod is heated by microwaves a]onc.
l-lest transfer occurs by thermal conduction
alone inside the material of the rod and tube.
Heat transfer by thermal radiation occurs in all
vacuum spaces. This radiation is treated in a
gray body approximation with realistic thermal
emi ssivities at all curved solid boundaries in t}x
cavity. The flat end plates are treated as perfect
reflectors for thermal radiation [7]. In practice
this can be approximated by highly polished
copper end plates. Ilere is no thermal path
from rod or tube to the end plates because the
path is interrupted by a very small gap at each
end. This model then permits the thermal
radiation problcm  to be treated analytically, for
it is as if the cylindrical surfaces were infinitely
IOIMJ  [ 8].
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Fig. 1. Geometry of cylindrical rod
and cavity.

The sample and the tube are partitioned into many thin cylindrical zones or shells, however the
vacuum spaces are not subdivided. The curved cavity wall is treated as one of the zones. The
complex dielectric constant is taken to be uniform in each zone, but it may vary from one zone to
another, thus allowing for the tempcmture  dependence of dielectric constant in the rod and t u be.

The cavity walls are taken to be at some uniform temperature. Maxwell’s equations can be solved
exactly for this shell model, where boundary condi t ions are matched at interfaces between shells
and assuming perfectly electrically conducting end plates. The normal mode properties of this
system of shells can be found for any assigned distribution of complex dielectric constant using a
known 4 x 4 matrix formalism [9]. Any normal mode can be treated analytically by that technique,
but here we will focus on TMono mocks, where there is no angular dependence or z-dependence in
the. fields. For these modes, microwave power absorption per unit volume varies spatially only in
the r:idial  direction. That absorbed power distribution varies as the temperature profile in the cavity
reactor changes with time. Microwave absorption by the cavity end plates is calculated using a
surface resistance approximation.

The solution of the electromagnetic problem was combined with thermal equations to calculate
temperature distributions with microwave absorbed power density as a heat source. lJnder
transient conditions, the general forms of the thenna]  equations inside the sample or tube are

q(r,l) = --K-(r, t) Vr(r, t) (1)

V* g(r,i) = P(r, f) ‘ C(r, f)l(r, 1) , (2)

C(~, 1) is the heat capacity per unit volume and all other symbols have their usual meanings.
IIeat transfer through vacuum by thermal radiation between curved solid boundaries, say J and 2,
can be evaluated exactly in a gray body context for this model using the following formula for net
radiation exchwge,  Q, between two infinitely long cylinders:



(CTL$BA, 7;4 -7;)
Q. ——. . . .—.. —.— ._

I

[ )“.-.._ +.8 .! -.]
c1 /32 ~2

(3)

The index 1 refers to the inner surface, where Al, ?;, Cl, and ~1 are respective.ly surface
area, temperature, emi ssivity and radius. A combination of analytic and finite difference methods
applied to the shell model provides an efficient means for treating the thermal problem self-
consistently with the electromagnetic equations. This involves a two-step procedure, applied
alternately for as many repetitions as desired, to propagate the system forward in time. First, for
an assigned set of complex dielectric constants in the shells, the electromagnetic problem is solved
and a microwave absorbed power density distribution is calculated. Then the thermal equations are
used to calculate an updated temperature profile for a slightly later time. This is used to update the
complex dielectric constant distribution and the plocedure  is repeated. Some results calculated with
this self-consistent procedure will be presented arid discussed next.

DISCUSSION

~’his transient model is an extension of our previous models for calculating the absorption [1]
and steady state temperature profile [2] for a cylindrical rod aligned along the axis of a cylindrical
microwave cavity. ‘I’he present calculations correspond to the same nominal set of experimental
parameters used previously [2], unless stated otherwise. “I%e cylindrical cavity had a radius pc =
4.69 cm and a length L = 6.63 cm corresponding to an empty cavity TM()] () mode resonant
frequency of 2.45 GHz. The nominal alumina rod had radius and emissivity  values of a = 0.2 cm
and ES = 0.31 respectively. The cylindrical cavity walls were copper with an emissivity of ew =
0.025, Hybrid heating studies were performed using an alumina tube stm-ounding  the rod that had
a thickness, mid-radius and inner and outer surface emissivities of d = 0.1 cm, I’lI1id = 0.4 cm and
Fti =  E

?
= 0.31 respectively. “J’hc temperature dependence of the real and imaginary dielectric

constan for a 99.8% pure ahrmina rod [10] was used in these calculations. A Y-MP2E Cray
computer performed the calculations using 8 zones for the rod and 2 to 8 zones  for the tube.

~’he time-temperature heating response for several power levels, using the nominal set c)f
parameters without the presence of a surrounding tube, is shown in Fig. 2. Results are shown for
the center and surface of the 0.2 cm radius  alun]i[m rod. “l’he time required to reach steady state
decreases with increasing power even though the steady state temperature is higher. For a power
level of 150 watts, the center temperature of the rod was 1756°C while the surfidce  temperature was
only 46°C lower. This small tempemture gradient is in sharp contrast to large temperature
gmclients  previously obtained for spherical samples [5].

‘1’he addition of an alumina tube around the rod leads to hybrid heating effects. Figure  3 shows
the temperature profiles within the rod and tube at various times during heating with 100 watts of
input power. After 300 seconds, the rod and tube have essentially reached steady state profiles.
At steady state, the 100 watts is distributed bctwee.n  the cavity walls (0.4 watts), the tube (41.9
watts) and the rod (57.7 watts). The rod center  and surface temperatures reach 1611 .3°C and
1595.2°C respectively. This temperature gradient of 16.1 ‘C is almost half the 26.8°C  gradient
obtaintxl with no tube from the 100 watt data in Fig. 2. “)’his reduced gradient is caused by the
radiant heating of the rod surface due to the surrounding tube, ‘1’he hybrid heating also leads to a
higher rod steady state temperature of= 67”C. I’he tube inner and outer surfaces reach steady state
temperatures of 1335.4°C  and 1325.5°C  respectively after 300 seconds which is =270°C  lower
than the rod.

~’he calculations from this new transient model were compared to the results obtained from the
previous steady state model [2]. The ne,ar steady state 300 second profile in Fig. 3 was less than
0.2% below the steady state model results for both rod and tube temperatures. ‘J’his  excellent
agreement validates the accuracy attainable with the transient model.
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IJig. 2. l’ransient response of a 0.2 cm radius
alumina rod for various power levels.

In a previous study, the steady state
temperatures at the center and surface of rods
of various radii were calculated with and
without a surrounding tLIbe for a TMOIO
mode power level of 30 watts (see Fig. 7 of
ref. 2). ‘I’hat study found a maximum sample
temperature of 1470”C with no tube ( and
919°C with a tube) for a rod radius of 0.025
cm. Figure 4 shows the time-temperature
tmnsient  behavior for t}le center of the 0.025
cm radius rod with and without the tube
present for the same experimental conditions.

A parmnetric study was performed to
compare the transient time require to reach
steady state for various sample sizes ranging
from fibers to large rods. Figure 5 shows the
center sample temperature versus t imc for
four rod radii. As expected, the smaller
fiber-like samples were first to reached steady
state (in = 100 seconds) while the the l,arge  2
cm radius rod took over 104 seconds. The
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l~ig. 4. “1’ransient  heating behavior for a
0.025 cn~ radius rod with and
without a surrounding tube.

effects of hybrid heating, using the surrounding tube, on the transient response is Showrn in Fig. 6.
The radiation contribution from the surrounding tube. has a significant effect on the small fiber-like
samples. The transient response is essentially the. same for the 0.0125 and 0.025 cm radius
samples. l’his result is due to the fact that the tube radiation dominates the heating of these
samples. The insertion of the tube raises the 0.0125 cm radius sample and lowers the 0,025 cm
radius sample steady state temperatures with no tube present. ‘I’he time to reach steady state
conditions is also .sIightl  y increased in the presence of the tube. In the case of the larger 0.2 and



2.0 cm radius rods the tube slight] y increases dw final steady state temperatures, however it takes
slightly longer to reach equilibrium conditions.
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l;ig. 5. Transient response of samples
ranging from fibers to large
rods with no surrounding tube.
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Fig. 6. Tmnsient  response of samples
ranging from fibers to large rods
including a surrounding tube.

‘1’]l]~RMAl,  RUNAWAY

One of the main concerns regarding the, application of microwave heating techniques to
commercial applications is the possibility of themlal runaway. “J”hermal  runaway can be interpreted
as follows. For temperatures below some threshold, the sample attains steady state for a constant
power input to the cavity. For an incremental power increase above the threshold the steady state
condition is not attained and in some portion of the sample the temperature increases to the melting
point. Under these conditions, the microwave power absorbed in some region of the sample
becomes greater than the ability to transfer the heat away to the surrounding regions. The present
transient model is ideally suited to test for thermal I unaway  in cylindrical samples.

To investigate thermal runaway, we first evaluated the transient response for rods of various
radii using the experimentally determined complex dielectric constant for 99.5% pure alumina [ 10].
Figure 7 shows the transient response for three rods ranging over = two orders of magnitude in
radius using the. experimentally determined complex dielectric constant. A typical experimental
wall emissivity  of 0.3 was used for these calculations. ‘Me power level was continually increased
for each rod in an attempt to obtain a steady state value near the, melting point of alumina (=:
2000”C).  ‘l’he present transient mock] assumes that the normal mode resonant frequency is
continuously tracked during heating. Ike curves in Fig. 7 for the 0.025, 0.2, and 2.0 cm radii
rods correspond to power levels of 55, 300, and 950 watts respectively. While the slope of the
time-temperature curves are steep, there is no indication that thermal I_ LIIMWay occurs.

It has been speculate that thermal runaway is associated with an increase in the temperature
dependence of the loss tangent at higher temperatures. To test this hypothesis, we defined two
hypothcthical  expressions for the temperature depcnde.nce of the complex dielectric constant E ‘z
that are modifications of the experitncntall  y determined exponential expression. The h.ypothe.thical
C “’ (f ) expressions are given by

(4)



#[T)=A,?[(’’+c~l (5)

where A =: 0.00438 and z = 309.49.

The parameters B and C in 13qs. 4 and 5 can be used to amplify the exponential temperature
dependence. The actual experimental exponential expression can be obtained by setting B =1 in
13q. 4 or C = O in Eq. 5. The enhanced tempera(ul  e dependence of the imaginary dielectric constant
using Eqs. 4 and 5 is shown in Fig. 8. Values of the parameters B and C were chosen to cover the
range O < < 100. A transient response investigation of thermal runaway using these was
performed for B and C temperature dependence shown in ]:ig. 8. For all cases, as the input
power was increased, steady state conditions were obtained all the way up to melting.
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CONCI.US1ONS
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“1’emperature  dependence of the
imaginary dielectric constant
using the expressions in llqs. 4
and 5.

‘1’he results of the present study suggest that there is no thermal runaway phenomenon
associated with the microwave heating of a cylindrical rod aligned along the axis of a cylindrical
cavity. How can this conclusion be’reconciled with experiment reports of thermal rur~away  in
microwave heated rods? A possible explanation is based on three important facts: (1) the slope of
the temperature versus power curves can become quite steep, (2) the excitation mode resonant
frequency is not being tracked in must experimental situations and (3) it can take considerable time
to reach steady state conditions. In pmctical experimental situations, the microwave power is
usually continually increasd  until a desired temperature is reached. If researchers are not patient,
the power may be increased too quickly to a level that causes the sample to inadvertently reach the
melting temperature. This senario should be tested using controlled experimental st uclies.
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